INTRODUCTION {#sec1-1}
============

Perioperative transfusion in patients undergoing coronary artery bypass graft (CABG) surgery is associated with multiple adverse outcomes.\[[@ref1][@ref2]\] Autologous blood transfusion, surgical techniques to minimise blood loss, use of antifibrinolytics and restrictive transfusion strategies should all form part of the patient blood management plan.\[[@ref3]\] Since aprotinin was removed from the market in 2008 following its association with a strong negative mortality trend when comparing antifibrinolytics in a randomised trial, the lysine analogues, tranexamic acid (TA) and epsilon aminocaproic acid (EACA), have replaced aprotinin as antifibrinolytic agents during cardiac surgery.\[[@ref4]\] The clinically used doses of TA that best reduce post-operative bleeding range widely from one- to ten-fold.\[[@ref5]\] Literature evidence supports that TA may cause convulsions in a dose-dependent manner.\[[@ref6]\] Therefore, it is important to determine the appropriate dose of TA that effectively reduces post-operative bleeding and need for perioperative transfusions to limit its adverse side effects. This retrospective study was conducted to evaluate and compare post-operative bleeding and perioperative transfusion requirements between patients receiving our institution\'s high-dose and low-dose TA protocols.

METHODS {#sec1-2}
=======

Institutional Review Board approved the study. Utilising data from the Society of Thoracic Surgeons (STS) National Database, patients who underwent primary CABG surgery via sternotomy with the use of cardiopulmonary bypass (CPB) from January 1, 2009, to June 30, 2011, were identified. This study period was specifically chosen because TA was the only drug used for antifibrinolysis at the hospital during this time. Aprotinin and TA both were used before 2009, and EACA replaced TA after July 2011 due to its lower cost. Patients undergoing additional procedures such as cardiac valve repair or replacement were not included. Anaesthetic technique and monitoring choices (other than standard American society of anesthesiologists (ASA)\' monitors) were not standardised.

Anticoagulation for CPB was initiated with a 300 U/kg intravenous (IV) heparin for a target-activated clotting time (ACT) \>400 s. A loading dose of TA was administered after heparinisation and an infusion of TA was started. The high-dose TA protocol consisted of a 30 mg/kg loading dose followed by a continuous infusion of 15 mg/kg/h until the end of surgery along with a 2 mg/kg priming dose in the CPB circuit. The low-dose TA protocol consisted of a 15 mg/kg loading dose followed by a continuous infusion of 6 mg/kg/h until the end of surgery along with a 1 mg/kg priming dose in the CPB circuit. Choice of TA dosing protocol was at the discretion of the attending anaesthesiologist. At our institution, two dose protocols existed so that the dose could be selected according to the risk of bleeding for any particular patient.

Normothermic CPB was used for all operations. Heparin was supplemented during bypass to maintain the ACT \>400 s. During CPB, blood from the pump suction was filtered and returned to the venous reservoir. Heparin effect was reversed after discontinuation of CPB with IV protamine dosed at 1 mg/100 U of heparin in the initial bolus. A repeat dose of protamine (25--50 mg) was administered when ACT values were higher than pre-operative value with evidence of clinical bleeding. Blood from the operative field was salvaged, processed and re-infused via a cell-saver circuit.

The decision to transfuse packed red blood cells (PRBCs) and other blood products during the perioperative period was based on whether the patient was clinically bleeding or not. If there was no clinical evidence of bleeding, isolated laboratory abnormalities were not treated. If there was clinical bleeding, transfusion was guided by laboratory testing including haematocrit, thromboelastography, platelet (PLTS) count, prothrombin time and partial thromboplastin time. Transfusion practice guidelines included PRBC and PLTS transfusion in clinically bleeding patients to maintain the haematocrit \>25% and the PLTS count \>100,000/mm^3^, respectively. Fresh frozen plasma (FFP) was transfused to maintain the international normalised ratio (INR) \<1.4, and cryoprecipitate (CRYO) was administered for blood fibrinogen levels \<150 mg/dL. Transfusions were recorded as units as follows: 1 U of PRBC = 300 mL, 1 U of FFP = 250 mL, 1 U of PLTS (pooled 6 pack) =300 mL and 1 U of CRYO (pooled 5 pack) =50 mL. Surgeons and anaesthesiologists made the decisions intraoperatively, and critical care physicians along with surgeons made the decisions on transfusion post-operatively.

Pre-operative information included date of surgery, demographics, comorbid conditions, cardiac status (number of diseased coronary arteries, left ventricular ejection fraction, presence of cardiogenic shock and use of an intra-aortic balloon pump), medication use (β blockers, angiotensin-converting-enzyme inhibitors/angiotensin receptor blockers, aspirin, lipid-lowering agents, anticoagulants within 48 h preceding surgery, adenosine diphosphate inhibitors within 5 days preceding surgery and glycoprotein IIb/IIIa inhibitors within 24 h preceding surgery) and laboratory data (serum creatinine, haematocrit, PLTS count and INR).

Intraoperative information included surgical urgency, duration of procedure and CPB and use of blood products. Chest tube output on the post-operative days (PODs) 0--2 and perioperative transfusion totals constituted the primary outcomes of the study. Chest tube output data were taken from the institution\'s electronic medical record system, and blood product transfusion data were obtained from the STS database. Surgical re-exploration of the mediastinum was considered when bleeding in the first 2 h was \>300 mL/h or \>200 mL/h for 4 consecutive hours despite adequate replacement of clotting factors. Re-exploration was also performed in patients with haemodynamic instability or cardiac tamponade.

Secondary outcomes included post-operative complications, length of hospital stay, reoperations and mortality at 30 days. Patients were considered to have experienced a post-operative convulsion if their discharge summary contained a diagnosis of convulsion occurring after their CABG surgery. The definition of renal failure was based on the Risk, Injury, Failure, Loss of kidney function, and End-stage kidney disease \[RIFLE\] criteria\[[@ref7]\] and required a rise in serum creatinine by a factor of 3, serum creatinine level ≥4 mg/dL with at least a 0.5 mg/dL increase in 48 h, decrease in glomerular filtration rate by at least 75%, urine output \<0.3 mL/kg/h for 24 h or anuria for 12 h.

Univariate analysis of categorical variables was performed using Chi-square or Fisher\'s exact tests where appropriate or with linear test-of-trend tests for ordinal variables. Continuous variables were analysed with the non-parametric Mann--Whitney U-test. Multivariable analysis was performed to examine the outcomes of any perioperative transfusion (logistic regression) and amount of chest tube output (linear regression), utilising TA dosage as a predictor along with potential confounding variables. *P* \< 0.05 was considered significant. Data were analysed with the SPSS 20.0 statistical package (SPSS Inc, Chicago, IL, USA).

RESULTS {#sec1-3}
=======

One-hundred eighty-four patients underwent CABG surgery during the study period. Twenty-six patients were removed from analysis due to incomplete or non-standardised TA dosing regimens. Data of two patients who died on the POD 2 were not included due to incomplete post-operative chest tube output data. Therefore, 156 subjects were included, of which 104 received high-dose TA and 52 received low-dose TA.

Pre-operative characteristics were similar between the two groups \[[Table 1](#T1){ref-type="table"}\]. There was an increased likelihood that patients would receive the low-dose TA protocol at later dates during the study period \[[Table 1](#T1){ref-type="table"}\]. There was a trend towards longer procedure and CPB duration in the high-dose group \[[Table 2](#T2){ref-type="table"}\]. Chest tube output, transfusion of blood products and perioperative outcomes were similar between the groups \[Tables [3](#T3){ref-type="table"} and [4](#T4){ref-type="table"}\]. There was a trend towards higher renal dysfunction in the high-dose group \[[Table 4](#T4){ref-type="table"}\].
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Intraoperative data
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Post-operative chest tube output and transfusion data
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Post-operative complications and outcomes
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Multivariable models were performed to determine the independent effects of potential confounding variables on the results. Logistic regression modelling showed that none of these variables significantly predicted whether a subject would receive transfusion of any blood product during the perioperative period \[[Table 5](#T5){ref-type="table"}\]. Linear regression models showed that pre-operative presence of cardiogenic shock and a greater pre-operative serum creatinine were shown to significantly predict greater chest-tube output on the POD 2 \[[Table 6](#T6){ref-type="table"}\].
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Logistic regression analysis for the outcome of "any blood product use perioperatively"
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Linear regression analysis for chest tube output (mL) on post-operative day 0-2
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DISCUSSION {#sec1-4}
==========

Patients undergoing CABG surgery have a significant likelihood of receiving allogeneic blood products.\[[@ref8]\] Increasingly, the negative consequences of blood product transfusions are being recognised. Koch *et al*. showed that perioperative PRBC transfusion is the most important factor associated with post-operative morbidity and reduced 10 years survival.\[[@ref1][@ref2]\] Intraoperative transfusion of PRBCs has been shown to be a risk factor for post-operative low-output heart failure.\[[@ref9]\]

TA is a synthetic analogue of the amino acid lysine and exerts its effects by blocking lysine-binding sites on plasminogen, thus preventing its conversion to plasmin. Randomised controlled trials and meta-analysis have shown that TA resulted in a significant reduction of haemoglobin loss, the median number of blood products given and reoperations after cardiac surgery as compared to placebo.\[[@ref10][@ref11][@ref12][@ref13]\] Despite the strong evidence suggesting the efficacy of TA for antifibrinolysis during CABG, the best dosing strategy to achieve this goal is not yet clear. TA boluses of 5, 3 and 1 g followed by TA infusions in patients undergoing cardiac surgery have been compared and it was found that 1 g was as effective as higher doses in reducing blood loss without any difference in adverse events.\[[@ref14]\] Karski *et al*.\[[@ref15]\] compared single bolus administration of TA in doses of 150, 100 and 50 mg/kg before the initiation of CPB with mild hypothermia in a randomised, double-blinded study. They found an increase in bleeding in the group given 50 mg/kg and recommended a dose of 100 mg/kg of TA for minimising post-cardiotomy bleed. Considering the short biological half-life of TA, boluses should be administered every 2 h to maintain therapeutic concentrations for antifibrinolysis.\[[@ref16]\] For this reason, it is a common practice to administer TA by infusion to achieve steady therapeutic plasma levels during the intraoperative and immediate post-operative periods.

A recently published prospective randomised study compared two TA dosing strategies (10 mg/kg bolus followed by a 1 mg/kg/h infusion compared to 30 mg/kg bolus followed by 16 mg/kg/h infusion) in both high- and low-risk cardiac surgical patients.\[[@ref17]\] The high-dose regimen decreased transfusion requirements and the re-exploration rate after cardiac surgery compared to their lower dose regimen. However, an intermediate dose group was not included. We studied an intermediate dose regimen (15 mg/kg followed by 6 mg/kg/h) and compared this to the same high-dose protocol used by Sigaut *et al*. All of our study patients underwent coronary artery bypass surgery. We did not find any difference in antifibrinolytic efficacy between the two groups. The differences in the results can be explained by previous pharmacokinetic studies on TA.

Several plasma therapeutic target levels and various dosing regimens to achieve specific target levels have been suggested in the literature. Dowd *et al*. in their pharmacokinetic study suggested that a 12.5 mg/kg TA IV bolus followed by a 6.5 mg/kg/h infusion would be required to maintain therapeutic levels (334 μM \[50 μg/mL\]) in a typical adult cardiac surgery patient. They suggested using a higher dose (30 mg/kg bolus followed by 16 mg/kg/h) to achieve 100% suppression of fibrinolysis (plasma levels; 800 μM or 121 μg/mL) for high-risk patients.\[[@ref18]\] A bolus of 10 mg/kg followed by a 1 mg/kg/h infusion provided therapeutic levels (10 μg/ml) required for 80% antifibrinolysis, but there were inconsistencies in another study.\[[@ref19]\] They suggested a dosing regimen to achieve therapeutic levels of 20 μg/mL to avoid inconsistencies. They also added that plasmin-induced PLTS activation is inhibited by therapeutic TA levels at 16 μg/mL. The same group tested two different TA treatment regimens in another study.\[[@ref20]\] The first regimen, a 10 mg/kg TA bolus followed by a 1 mg/kg/h infusion failed to achieve therapeutic levels (20 μg/mL) in a significant percentage of patients at all times (5 min after the bolus, at the onset of CPB, 30 min after CPB initiation, at the end of CPB and at the end of the TA infusion). A new treatment regimen involved a 5 mg/kg TA bolus followed by a 5 mg/kg/h infusion but failed to achieve therapeutic levels 5 min after the bolus, at the start of CPB and 30 min after the onset of CPB. Combining the results of the above studies, the patients in the current study were administered a higher bolus dose and suggested infusion rates (6 mg/kg/h) with the aim of achieving consistent therapeutic levels \>20 μg/mL for better efficacy. We did not measure plasma TA levels during surgery, and our study results only apply to CABG as we did not include other high-risk cardiac surgical patients such as aortic surgery and multivalve surgery.

Selecting an appropriate dose of TA is important because several recent reports have implicated TA as the cause for post-operative convulsions, especially with higher doses (\>100 mg/kg total cumulative dose).\[[@ref21][@ref22][@ref23]\] Furthermore, patients with renal dysfunction have an increased risk of developing blood levels of TA high enough to precipitate convulsions.\[[@ref24]\] When administered as a bolus, half of the TA dose is excreted unchanged in the urine within 3 h, 95% within 24 h and 95--99% within 48--72 h. Convulsions occurring after cardiac surgery are associated with poorer outcomes.\[[@ref25]\] Based on their experimental study in rats, Furtmüller *et al*.\[[@ref26]\] provided a pharmacological basis for the proconvulsant properties of TA by showing that the drug binds to and inhibits GABA~A~ (gamma aminobutyric acid A receptors) receptors in the central nervous system, thus leading to hyper- excitability. Notably, accidental injections of TA into the intrathecal space resulting in convulsions have been reported.\[[@ref27][@ref28]\] Two patients in the high-dose group experienced convulsions post-operatively, one on POD 0 and one on POD 2. Neither of these patients had a pre-operative history of convulsions. Three patients with a history of pre-operative convulsions did not develop post-operative convulsions. Although a history of convulsion is not described as a risk factor for post-operative convulsions after TA administration, we feel in retrospect that the use of TA could have been safely avoided in those patients.

TA use has been associated with myocardial infarction, especially in settings where no anticoagulation was used.\[[@ref29][@ref30]\] In the present study, the TA bolus and infusion was administered after heparinisation to reduce the risk of inducing coronary thrombosis and ischaemia in patients with significant coronary artery disease. Ideal timing of TA administration is unknown since there are no studies comparing different timings of TA administration (i.e. before skin incision versus after heparinisation) on efficacy and safety. Pharmacokinetic studies have shown that therapeutic plasma levels can be achieved within 5 min of a TA bolus in the doses studied, supporting our timing of the TA bolus administration. We did not come across any incidence of myocardial infarction during surgery or graft thrombosis after revascularisation even with the high-dose regimen. The high-dose TA protocol was associated with an increased number of patients developing post-operative renal failure and stroke although none of these differences reached statistical significance. Our study was not primarily designed to detect the difference in adverse events between the two doses. Other thromboembolic events such as deep vein thrombosis and pulmonary embolism were not studied in this report. These findings on adverse events need to be confirmed by a larger study with appropriate sample size. The sample size in this study cohort could not be increased due to the finite period during which TA was used as the sole antifibrinolytic at our institution (January 2009 to June 2011).

The present study has several limitations. This was a retrospective, observational, non-randomised study. Unmeasured patient or surgical characteristics may have affected the outcomes. Because patients were not randomised between the two groups, anaesthesiologists chose a particular dose of TA thus introducing selection bias. To account for this, multivariable models were created to control for pre-operative and intraoperative variables that trended towards, but did not reach, statistically significant differences between the high-dose and low-dose groups. These models included the date of surgery which was included because there was a higher likelihood that patients received the low-dose TA protocol after July 1, 2010. This initial preference for the high-dose protocol could be related to the opinion that higher doses of TA would result in a stronger antifibrinolytic effect. The gradual increase in use of the low-dose protocol most likely occurred as knowledge of TA\'s dose-related side effects including risk of convulsions became more widely appreciated. None of these variables, including the date of surgery, had significance towards predicting transfusions or chest-tube outputs on POD 0 or 1. Although the pre-operative presence of cardiogenic shock and elevated pre-operative serum creatinine did show significance towards predicting POD 2 chest-tube output, the other variables continued to show non-significance. While not eliminating the possibility of selection bias, these analyses further strengthen our conclusions.

Two patients who died on POD 2 (both in the high-dose group) were excluded to avoid artificially lowering values of chest tube output. The results of our main outcomes, post-operative chest tube output and perioperative transfusion requirements did not change when those two patients were included in the analysis. Despite the existence of guidelines for perioperative blood component transfusion therapy, transfusions were ordered by the anaesthesiologists, surgeons or intensivists caring for the patients and there may have been variations from the guidelines based on individual patient\'s circumstances.

The strengths of this study include two homogeneous cohorts of patients that are larger than those used in previous studies examining TA dosing. Furthermore, this study compared two TA dosing protocols that are within the range of contemporary clinical practice.

CONCLUSION {#sec1-5}
==========

The current investigation suggests that a low-dose protocol of TA for patients undergoing primary CABG surgery via sternotomy with CPB is equivalent to a high-dose strategy for the outcomes of post-operative chest tube output and perioperative transfusion requirements. Furthermore, this low-dose protocol may help to avoid side effects of TA such as convulsions that are associated with higher TA doses and accumulation of TA in susceptible individuals.
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